Introduction
There is a need to noninvasively observe stem cell behavior in vivo in their native localization. In vivo multiphoton tomography, based on nonlinear absorption of endogenous fluorophores and fluorescent proteins, can meet this need. Multiphoton tomography is suitable for non-destructive long-term analysis of living cells due to the absence of out-of-focus absorption, out-offocus photobleaching and out-of-focus phototoxicity. Multicolor imaging is possible with a single near infrared (NIR) laser excitation wavelength, due to broad multiphoton absorption bands of multiple fluorophores, such as NADPH and green fluorescent proteins (GFP). When using high numerical aperture objectives (NA >1), the excitation volume is limited to a sub-femtoliter focal volume and therefore provides the possibility of "pinhole-free" optical sectioning of 3D biological objects. 1, 2 In addition to two-photon excited fluorescence, multiphoton imaging enables second harmonic generation (SHG) imaging by the excitation of non-centrosymmetrical structures, such as collagen. 3 SHG produces coherent radiation at exactly half of the excitation without light absorption. Therefore, photobleaching and photodamage are eliminated. SHG enables deep 3D imaging due to backscattered light.
Non-invasive multiphoton microscopes with NIR femtosecond laser sources have been applied to image living single cells with a high spatial resolution without staining since 1990. 1 However, such microscopes are not suitable for long-term imaging of living animals.
Recently, clinical multiphoton tomographs with articulated flexible arms have been developed to monitor skin diseases at the single cell level. 4, 5 Such instruments have very high-resolution and provide optical biopsies with a lateral resolution of better
We demonstrate noninvasive, high-resolution multiphoton tomography of nestin-expressing stem cells of hair follicles in living transgenic nude mice. An imaging system comprised of a compact femtosecond laser, 3D scan head mounted on a flexible mechano-optical articulated arm for simultaneous intra-tissue fluorescence and second harmonic detection (SHG) detection was used. this noninvasive method enables long-term in vivo tracking of intra-tissue stem cells in living animals. Multiphoton animal sectioning with subcellular resolution can visualize the real-time behavior of single stem cells in their native tissue microenvironment. Here, we report on the use of novel femtosecond laser-based multiphoton tomograph with a mechano-optical articulated arm and an active beam stabilizer, in combination with a compact scan head for flexible 3D imaging of multipotent hair follicle stem cells in the living mouse (Fig. 1) . We applied the high-resolution imaging tool to visualize nestin-expressing multipotent stem cells originating in the bulge area of the hair follicle in their native niche. [6] [7] [8] [9] Nestin-expressing multipotent stem cells are present in the bulge area and dermal papilla of the hair follicle. Nestin is expressed in neuronal progenitor cells as well as in stem cells of the hair follicle. Nestin-expressing stem cells in the hair follicle are positive for CD34 and negative for keratin 15. 6,7 The nestinexpressing hair follicle stem cells can differentiate into neurons and other cell types as well as into hair follicle cell types. The nestin-expressing hair follicle stem cells can also enhance nerve and spinal cord regeneration upon transplantation. [8] [9] [10] We have previously shown that nestin-expressing stem cells are able to generate a significant portion of the hair follicle as well as neurons, blood vessels and smooth muscle cells and also participate in wound healing. 7, [9] [10] [11] [12] These stem cells are potential sources for stem cell based therapy of peripheral nerves and the spinal cord.
Watching stem cells in the skin of living mice noninvasively

6,9-12
Results and Discussion
Nondestructive multiphoton tomography using a compact scan head over periods of 2-5 hours was performed in the present study on transgenic mice expressing nestin-driven GFP ©2 0 1 1 L a n d e s B i o s c i e n c e .
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and for GFP with a fluorescence maximum of 520 nm. We monitored 790 nm excited nestin-GFP-expressing stem cells in the periphery of the hair shaft starting at a depth of 35-45 μm and SHG formation starting at 30-40 μm depth. The hair shaft can be visualized due to keratin and melanin fluorescence. Typically, the nestin GFP-expressing stem cells occurred in clusters of different numbers of cells per bulge (up to 50). The typical size of the nestin-expressing stem cells was approximately 7 μm in diameter when they were spherical and less than 5 μm in width when they were elongated. In contrast, the surrounding cells had a typical size of approximately 15 μm (Fig. 2B) . The movement of individual stem cells was visualized over 2 hours with submicron resolution (Fig. 2C) .
As demonstrated in the present report, the method of intratissue multiphoton tomographic sectioning with a flexible scan head is noninvasive and is particularly suitable for long-term tracking of stem cells in the live animal. The imaging method used in this study has the potential to visualize functional activity, migration behavior and differentiation of stem cells by noninvasive in vivo monitoring of single stem cells in their native environment. Thus, the tomographic imaging in live animals as described in this report would facilitate studies on stem cell dynamics during hair follicle cycling, wound healing, skin carcinogenesis and other environmental stresses or triggers. A further application of multiphoton tomography is tumor stem cell tracking. Tumor stem cell progression and invasion can be studied including the interaction of stem cells with the extracellular matrix and stromal cells. For example, the interaction of glioma (ND-GFP) 6, 13 in the hair follicle at different hair cycle phases.
14,15
Optical sections with submicron resolution, based on autofluorescence or two-photon excited GFP as well as SHG of collagen were obtained. Autofluorescence was generated by two-photon excitation of keratin, NAD(P)H, melanin and elastin. The hair follicles of four-week-old nude mice have a typical lateral dimension of 50 μm and a depth of 200 μm and more (Fig. 2) . The hair bulge was found to be located at typical depths of 30-60 μm below the sebaceous glands and the hair bulb at depths of 150 μm and deeper. The typical thickness of the epidermis was found to be 30-40 μm. Therefore, high-resolution multiphoton tomography of the upper part of the hair follicles, including the hair bulge in living mice, was possible. In small hairs, even the hair bulb can be imaged.
During in vivo imaging, cellular autofluorescence was detected at different NIR excitation wavelengths (750 nm, 790 nm, 930 nm) in order to separate different native fluorescent molecules in the skin tissue of ND-GFP transgenic mice and control mice. When using 750 nm, NAD(P)H as well flavins/flavoproteins were excited by the two-photon process. Three-dimensional fluorescence imaging provided information on the morphology and size of the stem cells and enabled visualization of some cell structures and extracellular matrix components with submicron resolution. Extracellular matrix protein-collagen was detected at 790 nm excitation.
In the GFP-expressing mice, GFP was efficiently excited at 930 nm. However, we found that 790 nm was a superior excitation wavelength for collagen with an SHG emission at 395 nm 
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stem cells and endothelial cells 16 and behavior of colon cancer stem cells 17 can be imaged at high-resolution in real time with the instrumentation and techniques described in the present report.
Materials and Methods
Animals. Nestin-GFP transgenic nude mice, with GFP expression driven by the nestin promoter [nestindriven GFP (ND-GFP)], 6, 13, 18 were used for in vivo imaging. Male mice were anesthetized by 30 μL ketamine solution 2-5 minutes before measurement. The average age of mice varied from 4 weeks to 4 months. All animal studies were conducted in accordance with the principles of and procedures outlined in the NIH guide for the care and use of laboratory animals under assurance number A3873-1.
Histology. The skin and whisker pad of transgenic mice were excised under anesthesia. Tissues were embedded in tissue-freezing medium (Triangle Biomedical Science, Durham, NC) and frozen in nitrogen for 10 min and at -80°C overnight. Frozen sections at 7 μm thickness were prepared with a Leica CM1850 cryostat. The sections were air-dried for 5-10 min and stained with hemotoxylin-eosin. The samples were imaged with an Olympus IX71 microscope with a CCD camera (MACROFIRE, Optonics).
High-resolution multiphoton tomography. The multiphoton tomograph MPTflex TM (JenLab GmbH, Jena, Germany and MultiPhoton Laser Technologies Inc., Irvine, CA, Fig. 1 ) uses a sealed turn-key tunable 80 MHz titanium:sapphire femtosecond laser (710-920 nm) that is mounted on an optical breadboard. The optical unit consists of an active optical power attenuator to regulate the in situ power of the laser depending on tissue depth, an active beam stabilization device, a safety unit and a flexible articulated mirror-arm with its compact scan head. The scan head consists of a fast galvo-scanning device to generate 2D (XY) scans, a piezo-driven z-scanner and high NA focusing optics (NA 1.3). The optical arm is stabilized with a mechanical arm. The scan head also contains a dual photon detector unit for the measurement of autofluorescence and second harmonic generation (SHG). The in situ power at the target tissue is 2 mW (stratum corneum) to 50 mW (dermis); the in situ laser pulse width is 250 fs. The overall field of view of the optical system covers 350 x 350 μm 2 . Optical sections can be generated as deep as 300 μm. The acquisition time for one optical section is typically 2 seconds. Multiphoton imaging is achieved by focusing femtosecond laser radiation at low picojoule pulse energy into the skin. 
